
NON-PE RPEND I CULAR IMPACTS - AN EXPERIMENTAL STUDY ON CRASH HELMETS 

Berti l  Al dman , Björn Lundel l ,  Lennart Thorngren 

Department of Traffi c Safety , Chal mers Un i ver s i ty of Technol ogy 

Gothenburg , Sweden 

ABSTRACT 

I n  two-wheel vehi c l e  accidents , the head of the occupant i n  many cases may h i t  
the ground wi th a hori zontal vel oci ty .  Due to fr i cti on , thi s can resu l t  i n  an­
gu l ar accel erati ons of the head whi ch may prove to be i nj ury-produc i ng .  

A tes t  method has been devel oped wi th the purpose to i nvesti gate the effect 
of d i fferent hel met she l l materi a l s  on the k i nemati c s  of the head at i mpac t .  

The tes t  dev i ce uti l i zes a dummy head and neck attached to a rai l -gui ded free­
fal l i ng  carr i age . S i mu l ated road surfaces can be attached to a rotati ng d i sc .  
L i near and angul ar head acce l erati ons i n  three perpend i cu l ar d i recti ons as 
we l l  as rotati on and l ateral fl exi on of the neck have been recorded . 

Res u l ts from a pre l i m i nary te st  series  are presented wi th reference to some 
pub l i s hed tol erance l evel s .  

I NTRODUCTI ON 

Tol erance l eve l s  for l i near head accel erati ons as expressed e . g .  i n  the Wayne 
S ta te Tol erance Curve and d i fferent i nj ury cr i ter ias  such as the H I C ,  have 
reac;hed son1e c.J e yree of genera 1 acceptan ce . 

Head angu l ar acce l erat i on s  have been l ess extens i ve l y  stud i e d .  Some tol erance 
l eve l s  have , however , been publ i s hed . These often g i ve both a maxi mum angu l ar 
acce l erati on and a maxi mum c hange i n  angu l ar ve l oc i ty ( fi g  1 ) .  

Change i n  angu l ar 

vel oc i ty 

Inj ury-produc i ng area . 

Peak angu l a r acce l era t i on 

F i g .  1 .  To l erance l eve l s  for head rotati on . 
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Ommaya et  a l  i n  1 967  ( 1 ) s tated that 7500 rad/ s2 wi th 99% probabi l i ty produce2 cerebral concu s s i on and i n  1 97 1  ( 2 ) that greater acce l erat i on s  than 1 800 rad/s  
and changes in  angul ar vel oci t ies  above approxi mate l y  60-70 rad/s  wi l l  pro­
bably resu l t  i n  cerebral concuss i on .  Both these l evel s were ca l cu l ated from 
pri mate tes ts . 

Tests  wi th human vol unteer2 performed by Ewi ng et al  ( 3 )  i n d i cate that man can 
wi ths tand up to 1 700 rad/s  wi thout damage . In these tests the peak angu l ar 
vel oci ty d i d ,  however ,  not exceed 32 rad/s . 

Löwen h i e l m  ( 4 )  suggests tol erance l eve l s  of 4500 rad/s 2 and 50-70 rad/ s .  These 
l eve l s  were cal cu l ated from cadaver crash tests performed by Vo i gt and from a 
mathemati cal  bra i n mode l . 

2 The l owes t  tol erance l eve l s publ i s hed are thus 1 800 rad/s  and 50 rad/s . 

The fact that the knowl edge about the tol erance l eve l s  for angu l ar acce l era­
t i ons i s  l i mi ted i s  refl ected i n  the safety regu l ati ons of d i fferent count­
r ies  regard i ng car passenger restra i n ts ,  motorcycl e  cras h he l mets etc . These 
regu l ati ons con tai n a l mest exc l us i ve ly  on l y  safety cri teri a associ ated wi th 
l i near accel erati ons . 

There are , howeve r ,  many types of acci dents i n  whi ch h i gh val ues of angu l ar 
acce l erati ons may occu r .  One such type i s  acci dents wi th two-wheel  vehi c l e s , 
where the r i sk i s  great that the occupant � s  head h i ts the ground wi th a hor i ­
zontal ve l oc i ty component ,  th i s  apart from l i near acce l era ti ons may a l s o re­
su l t  i n  angu l ar accel erati on s  of the head . 

The danger of head angul ar accel erati ons may not on ly  concern the head i tsel f ,  
but  the su bsequent f l exi on of the neck caused by the angu l ar ve l oc i ti e s 
attai ned d u r i n g  i mpact may become i nj u r i ou s .  A l so , the combi nati on of angu­
l ar and l i near acce l erati ons may be i nj u ry- produc i n g .  

We have deve l oped the test method descri bed i n  thi s paper to i n vesti gate how 
di fferent h e l me t  s he l l materi a l s  affect such vari ab les  as l i near and angu l ar 
acce l erati ons of a dummy head . 

Later on we i n tend to make val i dat ion  tests by performi ng free-fa l l drop tests 
wi th a compl ete dummy . 

METHOD 

I ntroducti on 

The test devi ce i s  shown i n  fi g 2 , 3  and 4 .  It  cons i s ts of an i n strumented dum­
my head and neck . The neck i s  attached to a rai l -gui ded verti cal l y  mov i n g  
carri age . The road surface con s i sts  o f  a hori zontal r i n g  wh i ch rotates around 
a verti cal  axi s ,  thus creat i n g  the hori zontal vel oci ty component . Li near and 
angu l ar acce l erati ons of the head i n  three perpend i cu l a r d i recti ons and l ate­
ra l fl exi on and rotati on of the neck are recorded d u r i n g  i mpact . 

The test method i ntends to s i mu l ate the actual  case when a he lmeted person h i ts 
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the road surface more or l ess s i mu l taneously wi th h i s  head and ehest as the 
body s l i de s  a l ong  the road . 

Dummy head and neck 

The dummy head and neck from an Og l e-Opat crash tes t  dummy i s  used . The l ower 
end of the neck i s  attached to a rai l -gui ded carri age , s ee fi gs.  2 and 3 .  lt i s  
possi b l e  to orientate the head i n  a l most any des i red pos i t i on i n  rel at ion to 
the road . The wei ght of the i n strumented head i s  5 . 00 kg and of the neck 1 . 25 
kg.  The f l e x i on character i s t i c s  of the neck are approxi mately 55 Nm/rad i n  
rotati on and 90 Nm/rad i n  f lexi on . 

The neck i s  mounted on a p l ate wh i ch i s  h i nged on the carri age upon a hori zon­
tal  axi s  wh i ch dur ing  i mpact i s  a l most at the same l evel as the road surface . 
Thi s arrangements does not seem to affect the real i sm of the neck behavi or du­
ring  i mp ac t ,  and only s l i ght ly  so after i mpact.  Mu l ti p l e  hel met i mpacts are 
prevented by a l oc k i n g  mechani sm on the moun ti ng  p l ate ( fi g .  2 ) . 

A l ead cone i s  u sed to decel erate the carri age over approx i mately the same 
d i s tance as  the helmet  uses to decel erate the head . I n  th i s  way the i n fl uence 
of the carr i age on the i mpact i n g  head i s  mi n i ma l . 

The downwards fl exi on of the neck before the carri age i s  dropped i s  neutral i ­
zed by a t h i n wi re l ead i ng from the nose of the head to the carri age . Th i s  
wi re i s  a utomati cal ly rel eased duri ng  the free-fa l l s equence . 

Road surface 

The road surface cons i sts  of a hori zontal r i ng wi th an outer d i ametre of 1 met­
re and an  i nner d i ametre of 0 . 8  metres , see fi gs . 2 and 3 .  l t  rotates around 
a verti ca l  axi s .  Each d i fferent s urface materi a l  i s  g l ued to a 19 mi l l i metre 
wood parti c l e  board , wh i ch on the test devi ce i s  s upported by a 1 0  mi l l i metre 
s teel  d i sc .  The steel d i s c  i s  bol ted to a hub taken from a l orry wheel . The 
wheel  ax l e  i s  secure l y  bol ted to the fl oor . The rotati ng  surface has the d i s ­
advantage that the ve l oc i ty i s  nei ther paral l c l l  nor constant over i ts surface , 
but wi th i n  the re l a t i ve ly  sma l l i mpact area the d i fference from a compl ete l y  
paral l e l l movement i s  very smal l .  

The hub i s  rotated by means of an e l ectr i c  motor a l l ow ing  any des i red speed of 
the road surface up to more than 50 km/h at the rad i u s  of i mpact.  

The d i sc i s  s u pported by a hard-rubber ro l l er be low the po i nt of i mpact wh i ch 
i ncreases the st i ffness of the road surface so that the i n fl uence of the road 
surface defl ecti on on the measured acce l erati ons i s  smal l .  

A polyurethane based g l ue ( Casco 1 820-1 821 ) i s  used to g l ue stone mate ri a l  to 
the wood part i c l e  boards .  The g l ue i s  mi xed wi th fi ne-gra i n  sand to obta i n  
su i tab l e  v i s cos i ty of the g l ue dur ing  preparat i on .  

Record i ngs 

The record i ngs  i n c l ude l i near and angu l ar acce l erat i on s  of the head i n  three 
perpendi cu l ar d i recti ons as we l l  as l ateral f lex ion and rotat ion of the neck . 
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The acce l erati on s are measured by two tri -axi a l  acce l erometers , Kyowa AS-200TA 
and one angu l ar acce l erometer , Endevco 7301 , see fi g .  4 .  The accel erometers 
are p l aced on a mount wi th a natural frequency con s i derab ly above the upper 
freq uency of the acc�lerometers . The l i near acce lerometers are p l aced 66 mi l l i ­
metre� a�art sy�metr1 cal ly  a bout the center of grav i ty w i th a common G -axi s .  
Thus i t  i s  poss 1 b l e  to c a l c u l ate two of the angu l ar acce l erati ons : Y 

az ' l eft - az , ri ght 

d 

• ax , 
R = 
z 

l eft ax ' ri ght 

d 

where a i s  the acce l e rati on and d i s  the d i s tance between the acce l erometers . 
These ca l cu l ations  are performed . by a s i mp l e  ana l og computer .  The rotati onal  
acce l e rometer i s  p l aced so that R

Y 
i s  meas ured . 

The end of the neck that i s  fa stened to the carri age i s  equ i pped wi th stra i n ­
gages s o  that the tors i onal  moment and the l ateral bend i n g  moment may b e  mea­
sured . These moments are di rectly tran s l atab l e  i n to degrees of head rotati on 
and l atera l f lexi on . Due to the fact that the part of the neck to wh i ch the 
s tra i n  ganges are g l ued i s  not part i c u l arly su i ted for th i s  purpos e ,  the 
output i s  not very accurate , wi th a max ima l  error of about 1 0  degrees . 

The fo l l owi n g  i n struments are a l so used : 

- Tran sducer ampl i fi er ,  Betatron 8008 , 1 2  channe l s  

- Tape recorder , Ph i l i ps Ana l og 1 4 ,  1 4  channel s 
- Low-pass fi l ter ,  Kronhi te 3200 
- Ana l og computer ,  Te ktron i x  AM 501 
- Waveform recorder , Bi omation 1 0 1 5 ,  4 channe l s  
- Osci l l os cope , Tektron i x  7603 
- X-Y-pl otter , Hewlett-Packard 7044 

- Hi gh s peed camera , Locam 5 1 -0002 , 500 frames/sec 

After each test ,  the i mpact s i te of the he lmet i s  photographed , and notati ons 
are made on a l l vi s i b l e  damage ( fi gs . 6-9 ) .  

RESULTS 

After the i n i ti a l check out , a test s eri es was carri ed out w i th 6 di fferent hel ­
met types and 6 d i fferent road surfaces . Al l the he lmet makes used had the same 
type of l i ner made of expanded polystyrene . The shel l materi a l s  di ffered i n  the 
fol l owi ng way : one had a fi bergl ass  re i n forced polyes ter shel l ,  two had poly­
carbonate shel l s  and two had shel l s  of ABS combi nat ion s .  Defi n i t i ons of l i near 
and angul ar acce l erati ons i s  made i n  fi g .  2 .  

The road surfaces used i n  th i s  seri es were : 

- No 1 :  A coarse gri nd ing  c l oth ( Naxos CKRG 20)  g l ued to a wood part ic­
l e  board 

- No 2 :  A Cl ean wood parti c l e  board , i . e .  a smooth surface 
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- No 3 :  1 2  mm angu l ar s tones g l ued to a parti c l e  board 
- No 4 :  4-2 mm angu l ar s tones g l ued to a parti c l e  board 
- No 5 :  1 2  mm subangul ar-round s tones g l ued to a parti c l e  board 
- No 6 :  S urface No 5 wi th a t h i n  l ayer of oi l app l i e d .  

Surfaces no  1 and 2 were sel ected to represent one very h i gh-fri cti on and one 
very smooth s urface . Su rfaces no 3 -6 were i n tended to s i mu l ate d i fferent types 
of actual  road s urfaces : no 3 and 4 unworn surfaces , no 5 and 6 po l i shed sur­
faces . How rea l i s ti c these surfaces are i s  not yet cl ear.  

Duri ng  the ma i n  seri es of tests the head was pl aced w i th the sag i ttal p l ane 
verti ca l  and wi th the neck i nc l i n i ng 24 degrees ba ckwards from the hori zontal 
p l a n e ,  the pos i ti on shown i n  f i gs . 2 and 3 .  The hori zontal vel oci ty was 8 . 33 
m/s ( 30 km/ h )  wi th the road surface movi ng perpend i cu l ar to the sag i tta l p l ane 
from ri ght to l eft and the verti ca l  ve l oc i ty 5 . 1 8 m/s {drop hei ght 1 . 37 m ) . 

Res u l ts from these tes ts are shown i n  fi g .  5 .  The acce l erat i on graphs have been 
fi l tered wi th a 1 650  Hz l ow pas s fi l ter ( SAE channel c l ass 1 000 ) and the an­
gu l ar d i sp l acement graphs with  a 1 6 5  Hz l ow pass fi l ter .  Angu l ar  and l i near 
acce l erati ons are s hown i n  tabl es 1 and 2 .  The res u l tant acce l erati ons are 
somewha t  gre ater than the ones shown i n  these tabl es . ( See page 9 )  

A sma l l er tes t  s eri es was a l so carri ed out w i th the hori zontal ve l oci ty para l ­
l e l l to the sagi ttal p l ane , the road s urface mov i n g  from foot to he�d and a l so 
from head to foot .  R i n  these tes ts d i d  reach 1 4000 and 4500 rad/s respecti -
ve l y .  Y 

Another tes t  seri es was performed to i n vesti gate the i nfl uence of di fferent 
drop hei ghts and hori zontal vel oci t ies . 

Yet another tes t seri es was performed wi th a head and neck from a S i erra 1 0 50 
dummy . Res u l ts from these tes ts wi l l  be publ i shed i n  a l ater report . 

Tes t  have been made wi th d i fferent rneans o f  reduc i ng fri cti on between h c l met 
and head , e . g .  by u s i n g  syntheti c h a i r  on the dummy . These tests show that h e l ­
mets that are n o t  over-s i ze produce a l most  the s ame angu l ar acce l erati ons both 
wi th and wi thout fri cti on- reduc i n g  means i n  the test s i tuati on reported here . 

For three tes ts wi th the pol ycarbonate make I hel met agai nst  s u rfaces no 3 ,  4 
and · 6 ,  repres ent ing  1 1 typ i cal 11 l ow ,  med i um and h i gh angu l ar acce l eration tests , 
some further res u l ts are s hown i n  tabl e 3 .  

CONCLUS I ONS 

The mai n  purpose of th i s  report i s  to descri be a new tes t method for assess­
ment of shock absorb i n g  and fri cti on charac teri s ti cs of crash hel mets . Some 
res u l ts from a fi rs t  test series  are , however , a l s o reported because we find 
them mos t  notabl e .  We wou l d  l i ke ,  however ,  to emphas i ze that the resu l ts are 
very pre l i mi n ary and that more detai l ed tests wi l l  be carri ed out before more 
defi n i te conc l u s i ons can be drawn . 

The peak angu l ar acce l erat i ons range from 4500 to 1 4500 rad /s 2 , and peak angu-
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l ar ve l oc i t i es from 20 to 55 rad/s . It  seems reasonab l e  to bel i eve that h i gher 
val ues for both angul ar accel erati on and angu l ar ve l oc i ty may occur at h i gher 
i mpact ve l oci ties . Pub l i shed tol erance va l ues may therefore we l l  be exceeded 
i n  s i mi l ar accident s i tuati ons . Th i s  s u ggests that some of the shel l materi a l s  
used today may wel l be too soft to provi de a des i rabl e l ow fri ct i on between 
he l met  and road s urface . 

The l i near decel eration pu l s es show l i tt l e · vari at ions . They often l i e  only 
s l i ghtly bel ow or above the Wayne State To l erance Curve . H I C-val ues i n  mos t  
cases come c l ose to 1 000 . l t  i s  notab l e  that peak angu l ar and l i near acce l e­
rati ons occur s i mu l taneou s l y .  

The real i sm of the method shou l d  b e  further i n ves ti gated , both by perform ing  
free-fal l drop tests of  a compl ete dummy and by tryi ng other road surface ma­
teri a l s .  
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Fi g .  3 .  Head and carri age F i g .  4 .  Acce l e rometers i n s i de head 
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Tab l e  1 .  Peak angu l ar accel erati ons Rz rad/s 2 . Verti ca l  ve l oc i ty 5 . 1  m/s . 
Hori zontal vel oci ty 8 . 3 m/s .  

1 1 1 Surf ace ' 
1 No 1 No 2 No 3 1 No 4 ! No 5 No 6 Mean Standard 1 ! val ue devi ati on 1 

Hel me t  
type 

Fi bergl ass  make 

-

-

·

·
·
-

· Polycarbonate m 
•Polycarbonate m 
ABS make 1 

ABS make I 1 1  

:Mean va 1 ue 
Stand . devi ati on 

1 
. . 1 

1 I 1 
i 

1 3000 - - -
1 3000 
1 2 500 
1 3000 
1 3500 
1 3000 

350 

' 1 1 
1 

7000 9000 1 7000 1 7000 
75�* 1 3�00 : - . �90�--

- ·--

7 500 
8000 . 1 0000 . 9500 5500 
9000 

.... 

-· 
---

-
. 

1 1 000 8000
-

r 9500 , 

1 
i 

6000! 1 
4500j ----·+ 

. 
6500 

8200 
- ·t--· 

9000 
··----
9 1 00 -
9500 

2560 
3520 

- -
2580 

·

-
-· 2280 

8000 : 
-

75C)Q :. 1 4500 '. ---1-- · :
_
-
1 o9oo 3640 

7900 ! 1_020_9- -- 9400 1 7400 5670 ----- „ ------ · 
740 . 2250 ' 2990 1 6 50 1 040 i 

1 1 t 

Tab l e  2 .  Peak l i near acce l e rati on Gx g - s . Verti cal  vel oc i ty 5 . 1  m/s .  Hori zon­
ta l vel oci ty 8 . 3  m/s . 

1 

--

i 
1 
i 

Hel met 
type 

Surface No 1 No 2 No 3 No 4 I No 5 No 6 Mean Standard , 
va lue devi ati onl 

.fi berglass  make I 

Po lycarbona te m 1 
1 1 0 
1 20 . 

' 
-
-

-+------t---,fil 1PO lycarbonate m I 1 �--
.ABS make 1 1 30 i 

1 35 ! 
1 

1 22 ' 
1 --

jABS make 1 I I  

!Mean v a  l ue 

JStand . devi  ati  on 1 0  1 

1 25 
1 30 
1 25 
1 35 -
1 35 
1 30 

5 

90 
1 35 
90 

1 20 
1 1  5 -- -- --- - - . -
1 1 0  . 

1 8  1 

1 1 5  90 1 95  1 � 1 5  
1 30 : _1_2.Q 1 ]05 !:- ,-2Ll -, 1 
1 1 5  90 1 ' 1 07 1 6  ----·! --- jt- . -
1 20 _ 1 30 1- � -· - �-
1 30 1 1 29 � =.=..-:_-

_ 

;::--=:.::.._� -=- :.. ·- -
1 22 - --

__ ---... ·- -,-. · · ---
8 

1. 

8 
9 
- . 

Tab l e  3 .  Three typ i ca l  tests ( Polycarbonate make 1 hel met ) . 

Road 1 Peak Gx 1 surface 
g 

1 
No 6 1 05 -
No 4 1 30 

-·-·- ·�·-· 

No 3 1 35 

Peak Rz Peak Rz 
rad/s 2 ' rad/s 

4500 23 -
8000 40 

1 3500 54 

l )  ca l cu l ated from res u l tant accel erat i on 

' 
Max1 ) Peak 1 Peak 
H I C  rotati on l fl ex i on 

degrees 1 degrees 

450 35 20 - -· i-- - „ -- . ,--
800 55 34 

. ,.._ 
1 030 80 45 

1 

·1 

330 



F i g .  6 .  Road surface no l 

I I f 
,

; 
j 1l 1 IL 1 , ' 

• ! ! 

lü : ; r  LLL''IETRES 

ROALJ SURFACE VELOC I TY 

Fi g .  8 .  Helmet d amage from road sur­
face no l .  Fi bergl ass shel l 

Fi g .  7 .  Road surface nos 5 and 6 

f l:Jf> u[-
i ;( 1 • IL 1 

10 �'. f LL I :11ETf�[S 

ROAV SURFACE VELOC I TY 

F i g .  9 .  He l met damage from road sur­
face no 5 .  Fi bergl ass  shel l 
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